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Peripheral cyclic β-amino acids balance the
stability and edge-protection of β-sandwiches†
Gábor Olajos,a,c Anasztázia Hetényi,b Edit Wéber,a Titanilla Szögi, b Lívia Fülöpb
and Tamás A. Martinek *a,c
Engineering water-soluble stand-alone β-sandwich mimetics is a current challenge because of the
diﬃculties associated with tailoring long-range interactions. In this work, single cis-(1R,2S)-2-aminocyclo-
hexanecarboxylic acid mutations were introduced into the edge strands of the eight-stranded β-sandwich
mimetic structures from the betabellin family. Temperature-dependent NMR and CD measurements,
together with thermodynamic analyses, demonstrated that the modiﬁed peripheral strands exhibited an
irregular and partially disordered structure but were able to exert suﬃcient shielding on the hydrophobic
core to retain the predominantly β-sandwich structure. Although the frustrated interactions decreased the
free energy of unfolding, the temperature of the maximum stabilities increased to or remained at physio-
logically relevant temperatures. We found that the irregular peripheral strands were able to prevent edge-
to-edge association and ﬁbril formation in the aggregation-prone model. These ﬁndings establish a
β-sandwich stabilization and aggregation inhibition approach, which does not interfere with the pillars of
the peptide bond or change the net charge of the peptide.
Introduction
The intricate programming rules of protein folding have been
thoroughly investigated, and remarkable successes have been
achieved in protein design by utilizing the natural α-amino
acid building blocks.1–4 Protein mimetic structures containing
unnatural monomers in the chain (foldamers) have opened
new dimensions in constructing ordered hierarchical
structures.5–7 In addition to the beauty of their structural diver-
sity, foldamers have gained considerable interest for their
ability to recognize macromolecular surfaces, which has led to
numerous instances of protein–protein interaction
inhibition.8–11 The design of foldamer helix mimetics is well
established,12–17 including that of helix bundle quaternary
structures.18–20 However, the construction of water-soluble
β-sheet structures is still challenging.21–27 Using a top-down
approach, the eﬀects of α → β substitutions were systematically
tested in foldameric β-hairpin systems. While α → β, αα → β2
and αα → β3 substitutions resulted in decreased structural
stability,28 a reasonably high sheet content was achieved via
the application of special β2,3-residues.29 A stable fold was
attained by the incorporation of N-methyl-α-residues30,31 or
cyclic γ-amino acids,32,33 which were also tested in a tertiary-
folded system,32 but the position of the replacement proved to
be an important factor to optimize. Our group investigated
various β-amino side-chain topologies in the core of larger
β-sandwich structures.34–37 The sequences exhibited dimeriza-
tion- or membrane-induced β-sheet formation. Replacements
with cis-(1R,2S)-2-aminocyclohexanecarboxylic acid (ACHC)
were found to be able to maintain the interstrand H-bonding
network and to fit sterically into the hydrophobic interior of
the β-sandwich. However, the additional carbon atom in the
backbone resulted in a backbone bulge and led to a reduced
melting temperature, which prompted the question of whether
ACHC substitution can be employed as an edge-protection
approach.
The general limitation of β-sheet design is the stability
problem associated with a high aggregation propensity; this
aggregation occurs at the open edges.38 Uncontrolled self-
association not only prevents biological applications but also
interferes with all phases of peptidic/protein drug develop-
ment.39 The analysis of natural β-sheet proteins revealed that
water solubility is improved by a negative design at the edge
strands of β-sheets.40,41 An important natural edge protection
strategy is the presence of irregularities (β-bulges) in the
strand.42 These principles were used in the design of several
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edge-protection methods to prevent aggregation. A type of
β-bulge was employed by replacing hydrophobic amino acids
with lysine at the edges of the β-sheets.43
In this work, we utilized fibril-forming betabellin-1544 and
non-aggregating betabellin-14 as templates and extended the
ACHC substitutions to the edges of the β-sandwich. Here, we
tested the eﬀects of ACHC-generated peripheral bulges on the
stability of the protein-mimetic models. We aimed to investi-
gate the structural stability from multiple aspects: thermo-
dynamic stability (free energy of reversible unfolding), thermal
stability (thermal and cold denaturation) and stability against
uncontrolled aggregation.
Materials and methods
Peptide synthesis and purification
All starting materials were commercially available. Tentagel R
RAM resin was used as the solid support, and HATU was used
as the coupling reagent. Couplings were performed under
microwave irradiation in a 3-equivalent amino acid excess at
75 °C for 15 min for α-amino acids and for 30 min for
β-residues. Histidine and cysteine were coupled at 50 °C.
Peptides were cleaved with TFA/water/D,L-dithiothreitol/triiso-
propylsilane (90 : 5 : 2.5 : 2.5) and precipitated in ice-cold
diethyl ether. The resin was washed with acetic acid and water
and was subsequently filtered and lyophilized. The peptides
were purified with RP-HPLC on a C4 column (Phenomenex
Jupiter, 4.6 × 250 mm). The HPLC eluents were (A) 0.1% TFA
in water and (B) 0.1% TFA and 80% ACN in water, with a gradi-
ent from 25% to 55% B over 60 min, at a flow rate of 4 ml
min−1. Dimeric peptides were obtained by air oxidation of the
purified peptides (5 mg ml−1) in 20% DMSO/water at 37 °C for
24 h.45 The samples were diluted with water and purified ana-
logously to the monomer peptides. Purity was confirmed by
analytical RP-HPLC and ESI-MS measurements.
Circular dichroism measurements
CD measurements were performed with a Jasco J-815 CD
spectrometer. The CD spectra were recorded using a 1 mm
thermally jacketed quartz cell, from 250 to 195 nm, at a scan
speed of 100 nm min−1 with 10 accumulations. The com-
pounds were dissolved in Na-phosphate buﬀer (10 mM, pH
6.5), and the peptide concentration was 100 μM and 50 μM for
monomeric and dimeric peptides, respectively. For thermal
control, a Julabo water thermostat was used with a 10 min
equilibration time for each temperature. The solvent baseline
was subtracted. The stability of the peptide concentration was
monitored via measuring the OD at 280 nM with a Shimadzu
UV-1800 spectrophotomer (Fig. S1†).
NMR experiments
The NMR spectra were recorded on a Bruker Avance III
600 MHz spectrometer equipped with a 5 mm CP-TCI triple-
resonance cryoprobe at 298 and 308 K. The compounds were
dissolved in d18-HEPES buﬀer (20 mM, pH 6.5) containing
10% D2O and 0.02% NaN3. The concentrations of the peptides
were 500 μM and 250 μM for monomeric and dimeric peptides,
respectively. For referencing, 4,4-dimethyl-4-silapentane-1-sul-
fonic acid was used as an external standard. Resonance assign-
ment was performed according to the sequential assignment
methodology based on 2D homonuclear TOCSY and NOESY.
All spectra were acquired with the excitation sculpting solvent
suppression pulse scheme with 2048 time domain points and
512 increments. TOCSY measurements were performed with
homonuclear Hartman–Hahn transfer with a mixing time of
80 ms, using the DIPSI2 sequence for mixing. The number of
scans was 16. The NOESY mixing time was 200 ms and the
number of scans was 32. For the assignment of the 13C reso-
nances, the 2D heteronuclear 13C-HSQC spectra were acquired
under the same sample conditions as for the homonuclear
experiments, but the buﬀer was prepared in D2O. Processing
was performed using Topspin 3.5 (Bruker), a cosine-bell
window function, single zero-filling, and automatic baseline
correction. The spectra were analyzed using Sparky 3.114
(T. D. Goddard and D. G. Kneller, University of California,
San Francisco).
The SSP scores were calculated using the SSP software.46
The refDB random coil reference set based on the chemical
shifts of properly referenced known protein structures was
used. For the dimer structures, the built-in reference set for
cysteine residues was replaced with the corresponding values
of oxidized cysteine described in the literature.47 The reso-
nances of the β- and D-α-residues were excluded from the calcu-
lations because of the lack of reference values. Although the
neighborhood eﬀects of the β- and D-α-residues on the adja-
cent α-residues cannot be ruled out, our earlier observations
demonstrated no major systematic influence preventing the
chemical shift analysis.35,37
The salt-dependent aggregation of the compounds was
tested by measuring the NMR-visible 1H signal intensity at
various NaCl concentrations; 6 and 8 were dissolved in the
same buﬀer at a concentration of 250 μM, and the 150 μl
samples were titrated with 1 μl aliquots of a concentrated NaCl
solution (3.0 M), resulting in a sample series with NaCl con-
centrations of 20, 40, 60, 80, 100 and 120 mM. The 1D 1H
NMR spectra were acquired for all conditions, and the ali-
phatic regions were integrated. The integrals were corrected for
sample dilution and sensitivity loss caused by high salt con-
centration with the signal attenuation of a reference sample
(2 mM glucose).
Transmission electron microscopy
A 250 μM solution of 6 and 8 in 20 mM phosphate buﬀer (pH
6.5), containing 150 mM NaCl was placed on Formvar-carbon-
coated 400-mesh copper grids (Electron Microscopy Sciences,
Washington, PA) and stained negatively with uranyl acetate.
The aggregates were characterized by TEM on a JEOL
JEM-1400 transmission electron microscope (JEOL USA Inc.,
MA, USA) operating at 120 kV. The images were taken with an
EM-15300SXV system and processed with the SightX Viewer
software (also JEOL) routinely at a magnification of ×25 000.
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Betabellins are 32-residue peptide sequences that are designed
de novo to fold into four-stranded β-sheets by virtue of a palin-
dromic pattern with alternating polar and nonpolar side
chains. Their structure displays a hydrophobic and a polar
face upon folding. The hydrophobic eﬀects between the sheets
can be enhanced by the covalent linkage of the betabellin
monomers through a disulfide bridge involving the Cys21 resi-
dues, which results in 64-residue dimeric β-sandwiches.34 We
chose and synthesized betabellin-14 (1) and -15 (2) as tem-
plates (Fig. 1a) because they display the best folding pro-
perties. Dimeric 2 was shown to form long fibrils via edge-to-
edge aggregation and was proposed as a useful model for
studying and inhibiting fibril formation.44 This oﬀered a con-
gener β-sandwich protein model for probing the eﬀects of
β-amino acid substitutions on stability and edge protection.
According to our previous results, cis-(1R,2S)-ACHC (Fig. 1b)
residues were adopted well by the β-sandwich, where the cis-
backbone arrangement was crucial, according to the stereoche-
mical patterning approach.13,48 Thus, we applied cis-(1R,2S)-
ACHC mutations at the center of the two peripheral strands
(strand I and IV), at positions 5 and 28. The 32-residue mono-
meric and 64-residue disulfide-linked dimeric betabellins and
their analogs (Fig. 1c) were synthesized and studied.
Dimerization-induced β-sheet formation
The overall folding propensity of the betabellins and their α/
β-peptidic analogs was tested using CD spectroscopy. The
β-sheet structure of the parent betabellin peptide 1 was already
apparent from the CD curve in its monomeric form (Fig. 2a).
In contrast, 2 and the ACHC-substituted analogs 3 and 4
exhibited U-shaped CD curves with a negative band at approxi-
mately 199 nm due to the presence of disordered confor-
mations. In accordance with our previous results obtained for
the core mutated betabellin-14 derivatives,36 the characteristic
negative Cotton eﬀect of the β-sheet appeared at 216 nm for
the dimeric compounds 5–8 (Fig. 2b). This indicates dimeriza-
tion-induced β-sheet folding for template 6 and the edge-sub-
stituted derivatives 7 and 8. The formation of 5 via dimeriza-
tion had little eﬀect on the CD intensity, indicating an inher-
ently stable β-sheet. Among the dimeric sequences, 6 displayed
the highest intensity at 216 nm, which may indicate an
increased β-sheet content and/or an altered overall folding
pattern. To test the residue-level folding propensities of the
dimeric β-sandwiches, NMR experiments were run.
Fig. 1 Amino acid sequence and secondary structure representation of
model betabellin structures BB14 (a), BB15 (b) and cis-ACHC-analogs.
The residues are coded with standard one-letter α-amino acid notations;
lower case letters indicate D-α-amino acids. Squares represent the posi-
tions of peripheral ACHC replacements. The structure of cis-(1R,2S)-
ACHC (c). Investigated monomeric and dimeric compounds (d).
Fig. 2 Mean residue ellipticities (MRE) obtained for monomeric
sequences indicated with solid black (1), solid gray (2), dotted black (3)
and dotted gray (4) (a). Mean residue ellipticities (MRE) obtained for
dimeric sequences indicated in solid black (5), solid gray (6), dotted
black (7) and dotted gray (8) (b).
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Chemical shift analysis was performed using the 1Hα and
13Cβ resonances (Table S1†). The
13Cα resonances are also sen-
sitive to the secondary structure, but line broadening hindered
the signal assignment for all sequences, especially for the flex-
ible terminal residues. Therefore, the 13Cα signals were
omitted from the comparative analysis. The chemical shifts
were converted into residue-specific secondary structure pro-
pensity (SSP) scores for each residue, which estimate the
folding tendency at the given positions.46 All sequences exhibi-
ted negative SSP scores along the sequence, reflecting the
overall β-sheet propensity (Fig. 3). For the template sequence 5,
the core strands II and III displayed order, while the terminal
strands I and IV folded only partially into regular β-strand
structures. Unexpectedly, the edge mutations in 7 had a
marked eﬀect on the folding propensity of the core strands.
Despite the limited ability of the edge strands to fold into peri-
odic secondary structures, there were long-range eﬀects on the
stability of the internal strands, supporting the view that the
β-sandwich core made stabilizing shielding contacts with the
more solvent-exposed edge strands without their regular
folding. A similar pattern, but a less pronounced eﬀect of the
edge mutations was observed for 6 and 8. Notably, the core
and edge strands displayed a more uniform folding tendency
than did 5 and 7, which can explain the diﬀerent CD finger-
prints. For 6 and 8, NOESY contacts were clearly detected
between the aromatic and aliphatic side-chains, supporting
the formation of the hydrophobic core (Fig. S4†), but the spec-
tral quality did not allow the detailed characterization of the
backbone contacts. The temperature-dependent CD measure-
ments (see later) suggested that the β-sandwiches of sequences
6–8 had higher thermodynamic stability at approximately
308 K; therefore, attempts were made to run NMR experiments
at elevated temperatures. Successful assignment was only poss-
ible for 6 at 308 K (Fig. 3b). We found that the temperature
stabilized the C-terminal edge strand and that this eﬀect pro-
pagated to the β-sandwich core. This result is in accordance
with the propensity of 6 for edge-to-edge aggregation and fibril
formation.
The overlaps in the 2D homonuclear NMR spectra (Fig. S2
and 3†) and the residual flexibility of the peptides did not
allow atomic-scale resolution in the structural characterization
of the compounds.
Thermodynamic and thermal stability of the β-sandwich
mimetics
The folding behavior of proteins and protein-mimetic models
can be assessed using the thermal denaturation profile.
Temperature-dependent CD experiments were performed
(Fig. 4a–d), and the β-sheet content (MRE216) was plotted
against the temperature (Fig. 4e and f). Structural stability is
often described on the basis of only the melting temperature
(Tm). A more detailed picture can be obtained upon folding via
the analysis of the stability curve, which is the free energy of
unfolding as a function of temperature.49 To obtain a set of
thermodynamic parameters, the CD-derived temperature-
dependent stability data were fit against a theoretical model
described by Privalov,50 and Becktel and Schellman.51 In this
model, the temperature-independent heat capacity of unfold-
ing (ΔCp), the temperature of the maximum stability (Ts), and
the temperature-independent components of enthalpy (ΔHs)
and entropy (ΔSs) of unfolding were obtained (Fig. 5 and
Table 1). The maximum free energy of unfolding (ΔGs) and the
temperatures for cold (Tc) and thermal (Tm) denaturation
could also be calculated in the analysis.52
The temperature-dependent CD experiments revealed a
protein-like denaturation behavior for all β-sandwich
mimetics, where both thermal and cold denaturations were
Fig. 3 Residue-level secondary structure propensity (SSP) scores calcu-
lated via 1Hα and
13Cβ NMR chemical shifts obtained at 298 K. The SSP
scores for dimeric betabellins 5 (solid black) and 7 (dashed black) (a) and
for 6 (solid gray) and 8 (dashed black) (b). SSP scores obtained for 6 at
308 K (solid black) are also indicated in panel (b). Positive and negative
SSP scores indicate regular α-helix and β-sheet formation, respectively.
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observed. This curvature of the stability curve is a result of
positive ΔCp, which is strongly connected to the solvent-
mediated cooperative unfolding transition via the disruption
of a manifold of weak interactions and the solvation of the
polar and non-polar groups.53,54 The edge cis-ACHC replace-
ments uniformly decreased the maximum stabilities (ΔGs) for
the α/β sequences, but this loss of thermodynamic stability
still aﬀords maximum folded populations above 82% for both
7 and 8. On the other hand, the edge cis-ACHC replacements
in 5 shifted Ts to a considerably higher temperature for 7,
which led to a marked increase in thermal stability and the
appearance of cold denaturation at room temperature.
Sequences 6 and 8 displayed only a small diﬀerence in Ts,
whereas room-temperature cold denaturation was also
observed for 8. Cold denaturation occurs through the eﬀective
solvation of apolar side chains by water at low temperatures.
This process can be promoted by the frustrated electrostatic
interactions and the increased solvent accessibility of the
hydrophobic core (trapped water). The H-bond network and
back-bone curvature around the cis-ACHC residue are geome-
trically distorted,35–37 which certainly increases the solvent
accessibility in the folded state. This is in line with the NMR
findings of this work. The ΔCp per-residue value for the unfold-
ing of native proteins is in the range 42–84 J mol−1 K−1,55 and it
is increased by the percentage of the buried non-polar surface
and the satisfied H-bonds in the folded state. Betabellins are
designed to have a high ratio of buried non-polar side chains,
and thus the parent sequences displayed ΔCp per-residue values
of 93.8 and 124.0 J mol−1 for 5 and 6, respectively. The cyclic
β-amino acid mutations changed these per-residue-based values
to 81.7 and 92.0 J mol−1 for 7 and 8, respectively, which are
still native protein-like figures despite their bulging geometry
and frustrated H-bonds around the cis-ACHC residues. This
Fig. 4 Temperature-dependent CD curves recorded for dimeric beta-
bellins 5 (a) and 6 (b) and their α/β analogs 7 (c) and 8 (d). Color code for
the temperature scale is given in the inset of panel (a). To compare the
temperature-dependent β-sheet folding propensity of the compounds,
MRE values at 216 nm are plotted as a function of temperature (e) and in
an enlarged region (f) with solid black (5), solid gray (6), dotted black (7)
and dotted gray (8).
Fig. 5 Experimental protein stability curves (free energy of unfolding)
for 5 (ﬁlled triangle), 6 (ﬁlled circle), 7 (empty triangle) and 8 (empty
circle). The ﬁt curves are indicated for 5 (solid gray), 6 (solid black), 7
(dashed gray) and 8 (dashed black).
Table 1 Thermodynamic parameters of unfolding obtained from the
stability curves
5 6 7 8
ΔHs kJ mol−1 10.2 11.7 8.3 7.9
ΔSs J mol−1 K−1 13.6 12.2 16.3 15.5
ΔCp kJ mol−1 K−1 6.0 7.9 5.2 5.9
ΔGs kJ mol−1 6.2 7.9 3.1 3.1
Ts °C 25.8 39.1 41.8 41.7
Tc °C 0.7 14.1 21.6 23.0
Tm °C 50.3 63.8 60.4 59.1
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finding indicated that the hydrophobic eﬀect is an important
stabilizing factor, which is facilitated by an irregular edge
region that contacts the core region. Accordingly, the edge
strands were able to convey stabilizing contacts to the core, as
detected by NMR. A large weight of the hydrophobic eﬀect in
the overall stability of the α/β sequences can explain the good
thermal stability of 7 and 8. The temperature-independent
parts of the enthalpy and entropy values are determined by a
complex interplay between the structural features and the
enthalpy–entropy compensation that is encoded in the protein
sequence itself, which makes the assignment of a single factor
to the changes diﬃcult. However, it is notable that ΔSs
increased upon cis-ACHC replacements, pointing to an entropi-
cally favored unfolding of the α/β sequences, which again can
be a sign of extra local rigidity induced by the cyclic β-residues
with a possible contribution by the trapped water in the folded
state. However, the less stable H-bonds in the folded states of
7 and 8 might be reflected in their less endothermic unfolding
compared to 5 and 6. These β-residue-induced changes in the
thermodynamics of β-sandwich folding are the opposite of
those observed for protein helix segments.49
Stability against edge-to-edge aggregation
We tested the ability of the altered terminal strand geometry to
inhibit salt-induced edge-to-edge aggregation and fibril for-
mation, using 6 and 8 as models.44 Sequences 5 and 7 did not
form fibrils under the conditions tested. The above-mentioned
investigations were performed under NaCl-free conditions to
maintain 6 in the monomeric form and to facilitate the detec-
tion of stability changes upon α → β substitutions. Diﬀusion-
ordered NMR spectroscopy measurements under the low-salt
conditions recorded for 6 and 8 did not indicate any signifi-
cant diﬀerences in the sizes or shapes of the NMR-visible frac-
tion of the peptides (Fig. S5†). The presence of NaCl scaled up
the hydrophobic eﬀects, which acted both as a β-sandwich sta-
bilizing factor and a promoter of aggregation in the following
experiments. At elevated salt concentrations (above 40 mM
NaCl), a significant intensity loss was observed in the NMR
spectra of 6 (Fig. 6a), likely due to the immediate formation of
high molecular weight associates with extreme short transversal
relaxation. In contrast, the NMR-visible fraction of the α/
β-analog 8 did not display a marked decrease, even at physio-
logical salt concentration (Fig. 6b). These results indicated that
the aggregation of the α/β sequence is not induced at near-phys-
iological salt concentrations. At a NaCl concentration of
120 mM, only 15% of the parent fibril-forming betabellin 6
remained in the NMR-visible form, in contrast with the 93% of
8 (Fig. 6c). In terms of the stability against aggregation at phys-
iological NaCl concentrations, the ACHC-substituted analog 8
proved to be more stable than 6. To gain support for an edge-to-
edge periodic association, TEM images were recorded for the
high-salt content samples. In line with the literature results,
NaCl triggered the edge-to-edge interactions of 6, and long thin
fibrils were formed with an approximate size of 3.5 nm ×
400 nm (Fig. 6d), while the electron microscopy investigation of
the α/β-analog 8 revealed no aggregates in the sample (Fig. 6e).
Conclusions
We successfully constructed peripheral cis-ACHC mutants of
the de novo designed β-sandwich protein mimetics and their
parent sequences. As revealed by the CD and NMR spec-
troscopy results, all 64-residue dimers exhibited high β-sheet
content, facilitating the thermodynamic characterization of
their structural stabilities. Residue-level investigations revealed
that the β-sandwich templates studied exhibited diﬀerent
structural patterns. While 5 tended to stabilize through the for-
mation of an ordered core strand region with shielding con-
tacts from the irregular peripheral strands, 6 gained stability
from the temperature-induced order of an edge strand. The cis-
ACHC replacements promoted irregularity at the peripheral
strands, which decreased the thermodynamic stability in
terms of the free energy of unfolding, and cold denaturation
was observed for both β-sandwich mimetic models.
Importantly, the eﬀects on thermal stabilities were not
uniform. Depending on the parent sequence, the α → β
Fig. 6 Reduced ﬁbrillization tendency of 8 compared with 6. The
methyl region of the 1H NMR spectra of 6 and 8 at increasing NaCl con-
centrations (a and b, respectively). The NMR-visible fraction of the pep-
tides assessed by the integration of 1H NMR signals at various NaCl con-
centrations (c). Integrals were carefully corrected for dilution eﬀects and
the possible salt-dependent sensitivity loss of the NMR probe. The TEM
images of 6 and 8 are given in panels (d) and (e), respectively.
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mutations either increased or maintained the temperatures of
the maximum stability, which were observed at approximately
40 °C, not far from physiological temperatures. In terms of
sensitivity to aggregation, the irregular peripheral strands of 8
were eﬀective as edge protection and successfully tuned down
the unfavorable aggregation propensity of 6 at physiological
salt concentration. Edge protection was achieved without inter-
fering with the side-chain orientation, the electrostatic pattern
of the H-bond pillars or the net charge. Overall, we conclude
that cis-ACHC replacements at open edges can maintain
suﬃcient thermodynamic stability to facilitate a predominant
β-sandwich tertiary structure, provide favorable thermal
stability profiles and oﬀer an eﬀective control over unwanted
aggregation, with the potential benefit of contributing to
protease resistance.56,57
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